The use of general descriptive names, registered names, trademarks, etc. in this publication does not imply, even in the absence of a specific statement, that such names are exempt from the relevant protective laws and regulations and therefore free for general use. The conference featured five invited and 62 contributed talks, as well as 49 posters and an international contingent of more than 80 scientists. Following the tradition of the conference, the topics discussed identified the most promising developments of nonlinear transport studies. Among these, interesting contributions were offered on mesoscopic systems, coherence in charge transport, ultrafast phenomena and TeraHertz devices. Two sessions were devoted to high field transport in nitrides, while the discussion on spintronics and thermoelectric phenomena clearly indicated the importance of these topics for the next generations of devices. Finally, a session was devoted to molecular electronics and two to bioelectronics, stressing the interest of the community in the study of charge transport in complex macromolecular systems. Summary. To investigate geometric potentials in low dimensional electron systems, we have conducted first studies on topography dependant electron transport in complete tubes, using built in strain between lattice mismatched semiconductors. Initial studies reveal two regimes of electron transport which are probed by a varying perpendicular magnetic field. At low magnetic field, an increased zero field peak in magneto resistance followed by a negative magneto resistance is observed due to increase in electron scattering along curved regions. At high magnetic field, we find a linear increase in resistance of the curved region as compared to planar regions.
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Simulation of entanglement creation for carrier-impurity scattering in a 2D system Summary. To investigate geometric potentials in low dimensional electron systems, we have conducted first studies on topography dependant electron transport in complete tubes, using built in strain between lattice mismatched semiconductors. Initial studies reveal two regimes of electron transport which are probed by a varying perpendicular magnetic field. At low magnetic field, an increased zero field peak in magneto resistance followed by a negative magneto resistance is observed due to increase in electron scattering along curved regions. At high magnetic field, we find a linear increase in resistance of the curved region as compared to planar regions.
Introduction
Investigating electron transport in suspended low-dimensional electron systems is a new approach which allows us to study dissipation phenomena such as the interaction of single electrons with discrete phonon modes directly [1] . The next step is to suspend the electronic system and to change the topology and study curved and rolled up electron systems. It has been shown theoretically that the confinement potentials of low dimensional systems with a mechanical degree of freedom can depend on their geometry [2, 3, 4] . Such non-planar systems combined with precision band engineering can be used to mechanically tune the required geometric confinement potential. This additional tuning of low dimensional systems * Present Address: 2439 Engineering Hall, 1415 Engineering Drive, Madison, Wisconsin, 53706. Tel.: -f 1-608-213-0836; Fax: +1-608-262-1952; email: nakul@cae.wisc.edu. through mechanical rehef gives non-planar systems an advantage over its planar counterpart.
Starting from Ref [2] , we see that similar to electron confinement via electrostatic gates in planar systems, geometrically confined potentials in non-planar systems can be modeled to first order as simple square well potentials. The binding energies of such non-planar systems are found to be inversely proportional to the square of curvature radius of the non-planar system. In addition such confinement potentials cause a phase shift in the electronic wave function propagating phase coherently through the system, corresponding to Berry's phase [5] .
Confining a 2DEG in such curved and rolled geometries marks the first step to obtaining a non-planar low dimensional electron system. First studies performed by peeling a planar hall bar off the supporting substrate and attaching it to curved geometries have shown that the magneto-resistance oscillations in millimeter sized bent electron gases depend on the dispersion of Landau levels and a cosine variation of linear resistance [6] . To obtain tubular geometries with smaller diameters, we make use of the built-in strain in heterostructures. When lattice mismatched semiconductors are grown layer by layer epitaxially, a strain is built in as the epitaxial layer tries to align its lattice with that of the substrate. Release of this strain by removing the sacrificial layer below the strained bilayer causes the bilayer to bend forming tubular geometries as shown in Fig. 1(a) [7, 8] . Recent experiments on tubes formed from such strained 2DEG structures [9] have shown a wash out of magneto-resistance oscillations with tube formation.
Experiment
The heterostructure we report on consists of a transport layer formed by 10 nm GaAs cap layer followed by 10 nm Alo.33Gao.67As, 2 nm GaAs (silicon delta doped), 20 nm Alo.33Gao.67As, 20 nm GaAs quantum well (2DEG). The strained bilayers following the transport layer consists of 20 nm Alo.33Gao.67As, 14 nm Ino.2Gao.8As (strained) and 10 nm AlAs (sacrificial layer) over a GaAs substrate. Since luo.iGao.gAs has a larger lattice constant, the layers curve up to form the tube when the strain is released by removing the sacrificial layer of AlAs. To fabricate multi turn tubes the initial mesa was patterned to have a width much larger than TTD, to perform multiple rotations when the strain is released (ii). When the initial width of the mesa was smaller than TtD, the bilayer was unable to complete a single rotation, and instead would share its strain with nearby elements performing angular rotations which resulted in the formation of helical coils (iii).
A hall bar was fabricated to characterize electron transport through the sample. The mesa was a 150 \xm square with leads 600 jiim long and 60 yLtn in width. AuGe/Ni/AuGe ohmic contacts were annealed at 420 degrees Celsius. The sample at 2K showed conduction only in the presence of light. With an applied back gate bias and a varying magnetic field applied perpendicular to the crystal surface, the sample showed a superposition of oscillations from parallel conducting channels. This is due to the photoconduction from 14nm InGaAs and through electron transport in the 2DEG. Similar magneto oscillations in thin slabs of InGaAs have been reported [10] . The extracted carrier sheet density for the 2DEG is ns = 3.8 x 10^^ m" and the mobility is 680 cmWs. Due to this low mobility, the electron transport through the sample was non-ballistic.
The sacrificial layer of AlAs was removed by dipping the mesa in 1% HF. Upon releasing the strain the leads curved up to form tubes. Due to the length of the leads being much larger than the tube diameter and being pinned down at one end by contacts, all the tubes did not survive this process, which limited us to taking two-point measurements.
The two point measurements on the planar sample shows an increase in resistance with applied magnetic field. A closer look at the low magnetic field region shows a giant magneto resistance at zero magnetic field and a negative magneto resistance region for fields less than 0.7T. Such peaks and negative resistance region in parallel conducting sample have been reported before [11] and a fit to theory suggests an interplay of weak localization in both 2DEG and bulk confinement.
Magnetic Field (Tesia) Fig. 2 . Comparison of magneto-resistance variation in both planar and rolled up mesa. The inset show.s the low magnetic field regime where a zero field peak and a negative magneto resistance region is seen in both planar and rolled mesa.
Upon tube formation, we see two regimes of electron transport (Fig 2) . The inset of Fig. 2 shows the low magnetic field region where we see an unexpected increase in zero-field peak resistance from 52 kQ to 260 kO. indicating an additional scattering mechanism that is dominant in curved regions. A likely candidate for this scattering in curved region is surface scattering as we release a new InGaAs surface which was initially attached to the sacrificial layer. This release causes the formation of dangling bonds which now can scatter the electrons in curved regions.
At higher magnetic fields, there is a linear change in magneto-resistance as if there is a linear change in effective electronic width of the sample. A possible explanation is that at high fields, the resistance of the curved region is higher than in the planar region, and the linear change in overall planar width of the mesa is reflected in the linear increase in overall resistance. Proposals for this increase in resistance at curved regions include a change in local piezoelectric potential and confinement of carriers to locally bound states due to the geometry. More measurements are needed to confirm the exact nature reason of this behaviour.
We have shown clear topography induced changes in electron transport through a parallel conducting two dimensional electron systems. With better material engineering, a higher mobility 2DEG can be confined in these non-planar systems to probe pure ballistic electron transport. Incorporating larger strain in such systems would help realize tubular low dimensional geometries with smaller diameters useful for probing geometric potentials and achieving topographical quantum systems.
We thank ARO and NSF MRSEC for financial support. Summary. The transport properties of symmetry-broken InAs mesoscopic devices are reported. We fabricated InAs mesoscopic structures with a triangular anti-dot structure to serve as a ballistic rectifier. In this structure, rectification effects relying on the ballistic transport were observed at room temperature and 77K. These results show the superiority of InAs/AlGaSb heterostructures for the realization of ballistic mesoscopic devices.
Fabrication and Characterization of InAs Mesoscopic Devices

Introduction
InAs-based heterostructures have various advantages, such as small effective mass and strong electron quantum confinement, for the realization of quantum effect devices. In addition, due to the long phase coherence time, InAs-based heterostructures offer the possibility to observe ballistic electron transport properties at relatively high temperatures compared to GaAs/AlGaAs heterostructures. Therefore, these material systems are suitable for the development of mesoscopic devices which rely on ballistic electron transport. As one of the typical sample of such applications, ballistic rectifiers are actively being researched these days. Based on the research of Song et al., it was thought that ballistic rectification is based on quasi-classical transport properties [1] [2]. Fleischmann et al. reported the microscopic theoretical model with Landauer-Biittiker approach [3] - [5] . In this paper, we report on an InAs mesoscopic structure for a high temperature operation as a ballistic rectifier.
Fabrication
The epitaxial layer of the InAs/AlGaSb heterostructure was grown by molecular beam epitaxy on a semi-insulating GaAs(lOO) substrate. In order to improve the crystal quality of the InAs channel layer, an undoped 1.5 \im thick AlSb layer was grown as a buffer layer to accommodate the lattice mismatch of about 7% between GaAs and InAs. The heterostructure consists of an AlSb buffer layer, AlSb/GaSb superlattices, a 200 nm AlGaSb bottom barrier, an 8 nm AlSb barrier layer, a 15 nm InAs channel layer, a 15 nm AlGaSb upper barrier layer, and finally a 10 nm GaSb cap layer. Hall-effect measurements by the van der Pauw method showed electron mobility of 20,000 cm A^s, sheet carrier density of 1.8 x 10^^ cm'^ at 300K, and 140,000 cmWs, 1.0 x 10^^ cm"^ at 77K, respectively. An atomic force microscope image of the central part of the device is shown in the Fig. 1 . Definition of the antidot and probes of device was achieved by electron beam lithography with ZEP-520A resist and wet chemical etching. The etchant was phosphoric acid based (H3PO4 : H2O2 : H2O =1:1: 100). Next, the Hall bridge was fabricated by photolithography. In order to eliminate the leakage current from the buffer layer, all regions except for the Hall bridge mesa were covered with Si02 insulator. Non-alloyed ohmic metals. In (20 nm)/Au (120 nm), were then deposited directly onto the InAs channel layer by thermal evaporation and were defined by lift-off Metal pads for bonding were formed at the same time.
The size of this device is as small as the open quantum dot structures in which we have observed ballistic transport properties and electron wave interference effects at 4.2K [6] . 
Experimental Results and Discussion
We measured the /-K characteristics at room temperature and 77K. Fig. 2 shows the output voltage (VLU) as a function of input current (los)-For both temperatures, the output voltage Vm shows negative polarity despite of the IDS polarity. Therefore, a rectification effect was observed for both temperatures. As shown in the Fig. 2 (a) , the stronger effect was observed at 77K probably due to the increased mean free path of about 2 |im. We believe that these characteristics reflect the ballistic transport in InAs. Although negative Vm was observed on reversal of the drain-source current, the magnitude of Vm shows asymmetry with respect to IDS = 0. This result implies the asymmetry of the triangular anti-dot and the distances between the dot and source or drain wires. The distance between the reservoir and source or drain wire may also affect the characteristics. (From Fig. 1 (a) , the left wire is slightly misaligned upward with respect to the triangular anti-dot.) Therefore, it is likely that the injection ratio of electrons toward probe U from the left wire is larger than that from right wire. measured across the channel and outside the left wire ( Fig. 1 (b) ). Comparing VLU and K//, the polarity of each voltage is opposite. Therefore, Viu was not affected by the reference voltage VM. However, for both temperatures, the rectification effects drastically decreased for IDS > 400 |iA. It is likely that the anti-coUimation effect increased by increasing the applied voltage resulting in the increase in the propagation toward probe U.
Conclusion
We fabricated and characterized an InAs mesoscopic ballistic rectifier with a triangular anti-dot structure. Clear rectification characteristics were observed for both room temperature and 77K and persisted up to higher current level over 100 |iA compared to GaAs/AlGaAs. These results show a potential for higher temperature operation ballistic rectifier by using InAs/AlGaSb heterostructure. Summary. Magnetoconductance fluctuations are used to study the effect of an applied bias on an electron billiard. At lower bias, nonlinear effects can be well described by electron heating alone, while at higher bias {V> 2mV, -5% of the electron Fermi energy) non-equilibrium effects become significant. At high bias, we also observe that the spectral content of the MCF is sensitive to the nonequilibrium effects. Spectral behavior is consistent with a fractal scaling of the conductance fluctuations with magnetic field, resulting in the first observation of fractal conductance fluctuations outside of the linear regime of transport.
Nonlinear Effects on Quantum Interference in Electron Billiards
Introduction
In this work, we use electron quantum interference effects to study the effect of an applied bias on electron transport. The electron billiards used to study these effects were defined by e-beam lithography and wet etching of the two-dimensional electron gas (2DEG) formed in the GalnAs quantum well in the GalnAs/InP heterostructure (see Fig. 1(a) ). A square (Figs. 1(b)) and rectangular ( Fig. 1(c) ) were studied with areas, after depletion, of 0.8 i^m^ and 3.4 |im^, and Fermi energies of 35 meV and 38 meV, respectively. In both cases, the phase coherence length and mean free path were greater than the device dimensions resulting in phase-coherent, ballistic transport. Quantum interference effects lead to fluctuations in billiard conductance as a function of a perpendicular applied magnetic field, B. These magnetoconductance fluctuations, MCF, are a sensitive reproducible probe of the electron dynamics within the billiard^ and will be used here to monitor the effect of an applied bias on electron transport. In the presence of an applied bias, electrons are injected into the billiard with excess energy. If the electrons have time to thermalize before leaving the billiard, they relax through electron-electron scattering and the excess energy is distributed amongst the electrons in the billiard causing an in-crease in overall electron temperature inside the billiard. Previous experiments have found that for small applied bias voltages, in the |iV range, the primary effect of the bias is electron heating.^'^ The electron heating can be characterized by an effective temperature, T^iV), written:^ (fi where TL is the temperature of the lattice, exp (-yr^ (F)) is the fraction of electrons that thermalize before escaping the billiard, y is the escape rate,^ and Ts{V) is the electron-electron interaction time. At the temperatures used here phase-breaking is dominated by electron-electron scattering, so the experimentally measured phase breaking length, r^ will be used for r^ when calculating Te{V). r^ was determined from the measured MCF using a well-established method that analyzes the correlation field of the fluctuations as a function of magnetic field.^ We use this heating model to study the importance of nonequillibrium effects in the mV range. MCF measurements were taken as a function of T and Fand directly compared using Eq.l to translate Fto 7;(F); any departure between the two behaviors we interpret as nonequilibrium effects.
Experimental Results
The two-terminal magnetoconductance through the billiards was measured as a function of a perpendicular B using a standard low frequency ac lockin technique. In order to apply a bias across the billiard, a tuneable dc bias V was added to a small ac signal (rms amplitude 20 |iV on order of the thermal energy kT ~ 20 |LieV). Measurements were made at a range of temperatures with V=0 mV and also for a range of dc biases (up to 3 mV) atr=230mK. Figure 1(d) shows the MCF for the square billiard measured for a range of r (black curves) and J^(gray curves). The bias values have been related to the associated temperature using Eq. 1. At low bias, the fluctuations taken at a bias are similar to those at the corresponding temperature Te (F), consistent with previous observations in GaAs/AlGaAs billiards^ where agreement was seen in the |iV range. At higher bias, however, a departure is seen between the MCF measured at V and those at the related T, indicating that at higher bias, the effect of the bias on the fluctuations is not just electron heating. We also investigate the effect of the bias on the spectral content of the fluctuations. The power spectrum, 5(/), of the MCF for the square billiard at r= 0.6 K and V= 0 mV is shown in Fig. 2(a) . All MCF for the billiards presented here show 1//" scaling, where/= 1/A5 and a is the spectral exponent which characterizes the entire spectral content of the fluctuations.
The a values observed indicate a fractal scaling^ of the fluctuations consistent with previously observed fractal conductance fluctuations, FCF, in similar systems.^ Figures 2(b) and 2(c) show the dependence of the spectral exponent, a, on both T and 7; (F) for the square and rectangular billiard respectively. We see that a increases with increasing T, consistent with previous results.^ The same increase is seen with increasing TQ (V). It appears, however, that at T; (F) ~ 4 K, (corresponding to ~ 2 mV) the evolution of a with V departs significantly from that of 6i r (7), confirming again that the bias is having an additional effect besides heating.
Discussion
The deviations of the characteristics of the MCF indicate that the effect of the high bias is nontrivial; the bias does not just increase electron energy, but instead changes electron dynamics within the billiard. Future work needs to experimentally investigate the precise role of nonequillibrium electrons in the generation of MCF.
The fractal nature of MCF has been observed to be is robust to changes in many system parameters.^ The effect of the nonequillibrium electrons on the spectral exponent is unexpected. Future exploration of this dependence may provide insight into the origins of FCF. In addition, further analysis of FCF in the nonlinear region may help uncover the mechanisms responsible for the symmetry breaking of the spectral content of the FCF with respect to reversal of magnetic field seen previously.^ a) Summary. We present a theoretical analysis of a balHstic GaAs/AlGaAs quantum device that allows the straightforward control and detection of the entanglement between an open, stationary double quantum wire system and a singly occupied electrostatically defined double quantum dot. The read-out involves the measurement of only the DC I-V characteristics.
Prediction of Entanglement Detection by I-V Characteristics
Introduction
While there is no shortage in theoretical proposals for the creation of entangled qubits in semiconductors (see, e.g., [1, 2, 3, 4] ), the experimental realization of their write-in and read-out processes has proven to be extremely difficult, mostly because of the short coherence times and strong interactions between elementary excitations in solids [5] . Charge-based qubits have been proposed either based on double quantum dots (DQD) or electron wave packets propagating ballistically within two adjacent quantum wires (QWR) [6] . Recently, it has been pointed out that qubits or, more generally, quqits (quaternary state bits) can also be realized on the basis of stationary scattering states in open devices [7] . While these stationary wave functions cannot be normalized, the transmission and reflection play the role of the computational basis. The unitarity of ballistic scattering guarantees a well-defined Hilbert space. To the best of our knowledge, however, no concrete write-in and read-out processes for entangled quqits or qubits associated with stationary scattering states have been proposed so far. We present a quantitative theoretical analysis of a concrete quantum transport device that allows the straightforward control and detection of the entanglement between an open, stationary QWR qubit based on a solid-state Mach-Zehnder interferometer and a DQD qubit. The read-out involves the measurement of only the DC I -V characteristics, no higher order current correlations are required to detect entanglement. Figure 1 shows a schematic top view of the proposed device consisting of two stacked GaAs/AlGaAs two-dimensional electron gases (2DEG). The Mach-Zehnder interferometer in dark gray is composed of two adjacent QWR that are coupled by two tunneling windows [8] . The latter act as rotation gates (R). Along the upper QWR, there is an adjustable barrier in between the rotation gates that acts as a tunable phase gate V^. An electrostatically defined DQD (light gray) is located in a second 2DEG underneath the QWR layer. The tunnel coupling between the two quantum dots as well as their energy spectra are assumed to be controlled by external gates that are not shown [9] . By applying a bias voltage V equal to 50//V between the upper left and the remaining three contacts, current flows predominantly from the upper left to the upper right contact (JQ) and from the upper left to the lower right contact (7,), respectively, depending on the phase gate voltage V^. V r^K u t Fig. 1 . Schematic top view of the proposed quantum transport device. The device is realized by two stacked GaAs/AlGaAs 2DEGs. The top 2DEG is depleted by external gates to form a Mach-Zehnder interferometer (dark gray). In the bottom 2DEG two coupled quantum dots (light gray) are located. For sake of clarity, the figure is not drawn on scale.
Method and Results
We have calculated the ballistic current through this 3D device, using a single-band effective mass description for the electronic Hamiltonian and by including the Coulomb interaction between the electrons in the QWR and the DQD non-perturbatively. To this end, we have extended the GBR method [10] to deal with Green's functions of two-particle Hamiltonians Prediction of Entanglement Detection by I-V Characteristics 17 for distinguishable particles. After determination of the single-particle scattering states of the open QWR system and the eigenstates of the closed DQD system, the two-particle Hamiltonian is diagonalized in the basis of the product states, including the Coulomb interaction between the two subsystems. The single-particle basis states associated with the QWR are determined realistically from the retarded Green's function of the open device using our device simulator nextnano^ To simplify the two-electron problem, however, we have mapped the DQD subsystem onto a two-level tunneling Hamiltonian that is characterized by a tunnel coupling / in the range between 0 and 20 //eVand a bare splitting of A = 10 /yeV between the two levels [9] . The charge distribution of the electron in the DQD is approximated by two localized charge distributions that are weighted by the projections of the two-particle eigenstates onto the DQD basis states.
In the present calculations, we take both GaAs 2DEGs to be 10 nm thick; the vertical distance between the QWR and the DQD layer is set to 80 nm. Each of the quantum wires is 55 nm wide, 1000 nm long, and the lateral distance between them amounts to 20 nm. The rotation gates have a length of 85 nm. One of the quantum dots is located exactly beneath the center of the barrier region in between the 2 quantum wires. The lateral distance between the 2 quantum dots is chosen to be 60 nm. The Fermi energy has been set to 1.6 meV in the lowest subband. This causes the tunneling windows to act as almost perfect rotation gates for low bias voltage.
At first, we study the I-V characteristics of the device for a situation where the tunneling between the quantum dots is inhibited (/ = 0). For V^ =0, the rotation gates are dimensioned in such a way that interference causes the current between the upper left and right contact to be zero ( JQ = 0) and to attain a maximal value between the left top contact and the lower right contact (J, =-^niax )• Application of a finite voltage V^ to the phase gate results in DC currents J^ and 7, that have intermediate values between 0 and J^^^ and are phase-shifted by /r relative to one another.
We now allow the dot electron to tunnel between the quantum dots. This leads to an entanglement of the QWR and the DQD. This entanglement puts the QWR subsystem into a mixed state which causes the interference through the upper and the lower wire to be suppressed. The degree of suppression can be characterized by the visibility v which we define by V = [(J, -JQ)/(J, +^o)]r =0 • ^^'^ quantity can be shown to be related to the von-Neumann entropy by 5 --^ p.lnp., where p^-{\±v)/2. In Fig. 2 (a) and (b), we show the results of our 3D 2-particle Green's function calculation of the ballistic current through the entangled QWR-DQD system. Fig. 2(a) shows the currents J^ and J, as a function of V^ for two different values of the tunnel coupling. In both cases, the currents JQ and Jj show an oscillatory pattern. However, in the case of nonvanishing tunnel coupling, the visibility of the interference gets strongly suppressed. Fig. 2(b) shows the visibility and the corresponding vonNeumann entropy at F^ = 0 as a function of the tunnel coupling which quantifies the degree of entanglement of the QWR and the DQD subsystems.
